The hallmark of fibrosis is the excessive accumulation of collagen. The deposited collagen contains increased pyridinoline cross-link levels due to an overhydroxylation of lysine residues within the collagen telopeptides. Lysyl hydroxylase 2b (LH2b) is the only lysyl hydroxylase consistently up-regulated in several forms of fibrosis, suggesting that an enhanced LH2b level is responsible for the overhydroxylation of collagen telopeptides. The present paper reports the effect of profibrotic cytokines on the expression of collagen, lysyl hydroxylases and lysyl oxidase in normal human skin fibroblasts, as well as the effect on pyridinoline formation in the deposited matrix. All three isoforms of TGF-h induce a substantial increase in LH2b mRNA levels, also when expressed relatively to the mRNA levels of collagen type I a2 (COL1A2). The TGF-h isoforms also clearly influence the collagen cross-linking pathway, since higher levels of pyridinoline cross-links were measured. Similar stimulatory effects on LH2b/COL1A2 mRNA expression and pyridinoline formation were observed for IL-4, activin A, and TNF-a. An exception was BMP-2, which has no effect on LH2b/COL1A2 mRNA levels nor on pyridinoline formation. Our data show for the first time that two processes, i.e., up-regulation of LH2b mRNA levels and increased formation of pyridinoline crosslinks, previously recognized to be inherent to fibrotic processes, are induced by various profibrotic cytokines. D
Introduction
Fibrosis is a complex process finally resulting in the excessive deposition of extracellular matrix, which is mainly composed of collagen. The collagen deposited in the fibrotic lesions contains highly increased pyridinoline cross-link levels [1] [2] [3] [4] [5] [6] . Pyridinolines are trifunctional cross-links, derived from the hydroxyallysine cross-link route. In this pathway, the hydroxylated lysine residue within the telopeptide is converted to a hydroxyallysine (Hyl ald ), a reaction catalyzed by lysyl oxidase (LOX). Subsequently, the Hyl ald reacts with a lysine (Lys) or hydroxylysine (Hyl) residue within the triple helix to form di-and tri-functional cross-links [7] [8] [9] [10] .
The conversion of Lys into a Hyl in the collagen molecule is catalyzed by lysyl hydroxylases (LH; EC1. 14.11.4). Three different lysyl hydroxylases have been described: LH1, LH2 and LH3 [11] [12] [13] [14] [15] . Only for LH2 splice variants have been described (LH2a and LH2b) [16, 17] . Mutations in the gene encoding LH1 (EhlersDanlos syndrome type VI) [18] and LH2 (Bruck syndrome) [19] revealed that LH1 predominantly catalyzes the hydroxylation of lysine residues within the triple helix, whereas LH2 predominantly catalyzes the formation of Hyl in the Abbreviations: B2M, h2-microglobulin; BMP-2, bone morphogenetic protein-2; COL1A2, collagen type I a2; ET-1, endothelin-1; Hyl ald , hydroxyallysine; Hyl, hydroxylysine; HP, hydroxylysylpyridinoline; IL-4, interleukin 4; LH, lysyl hydroxylase; LP, lysylpyridinoline; LOX, lysyl oxidase; Lys, lysine; TGF-h, transforming growth factor-h; TNF-a, tumor necrosis factor-atelopeptides. Furthermore, compelling evidence that LH2 has telopeptide lysyl hydroxylase activity has been shown along various research lines [20] [21] [22] . The lysine substrate specificity (telopeptides and/or triple helix) of LH3 is unknown. Interestingly, LH3 has been found to be a multifunctional enzyme as it is able to catalyze the lysyl hydroxylation reaction as well as the sugar transfer reactions, enabling consecutive steps in the formation of glucosylgalactosylhydroxylysyl residues [23, 24] .
The increased amount of pyridinoline cross-links in fibrosis is the result of an overhydroxylation of the lysine residues within the telopeptides. We have recently found that LH2b is the only lysyl hydroxylase that is consistently up-regulated in several forms of fibrosis [19, 25] . This suggests that increased LH2b expression is responsible for the overhydroxylation and the concomitant formation of pyridinoline cross-links in several forms of fibrosis.
The fibrotic process involves an inflammatory response, and cytokines and growth factors constitute a major class of mediators in this process. Transforming growth factor-h (TGF-h) has been considered to be one of the key mediators in fibrosis. Increased amounts of TGF-h have consistently been found in fibrotic lesions [26] [27] [28] . Administration of exogenous TGF-h to laboratory animals leads to the development of fibrosis [29, 30] , whereas administration of anti-TGF-h inhibits experimentally induced fibrosis [31] [32] [33] [34] . TGF-h exists in three isoforms, namely TGF-h1, TGF-h2 and TGF-h3 [35] . Although the biological activities of the three isoforms are highly similar in vitro, their difference in function in vivo is shown by the unique isoform-specific phenotypes displayed by the different TGF-h knock-out mice [36] [37] [38] .
Fibroblasts stimulated with TGF-h show increased expression levels of various extracellular matrix proteins, including collagen. Furthermore, they secrete reduced amounts of several matrix metalloproteinases, whereas the production of tissue inhibitors of metalloproteinases is increased (reviewed in Ref. [26] ). These changes are characteristic for fibrotic cells. Another general process in fibrosis is the recently observed increased expression of LH2b and the formation of pyridinoline cross-links [25] . This prompted us to investigate whether TGF-h is also able to induce LH2b expression and pyridinoline cross-link formation. Besides TGF-h, several other cytokines, including interleukin 4 (IL-4), bone morphogenetic protein-2 (BMP-2), activin A, and tumor necrosis factor-a (TNF-a), can be indicated as profibrotic [39, 40] . For example, overexpression of activin A in the skin of transgenic mice induces fibrosis [41] , BMP-2 induces scar formation [42] , and anti-IL-4 or anti-TNF-a treatment prevents collagen deposition in animal models of fibrosis [43, 44] . So far, the effect of these cytokines on pyridinoline cross-link levels is unknown. Therefore, we examined whether these cytokines affect LH2b expression and pyridinoline cross-link formation as well.
We found that LH2b mRNA levels in human primary fibroblasts are induced by all three TGF-h isoforms.
Furthermore, the TGF-h isoforms have considerable effects on the cross-linking as the stimulated cells deposit collagen with significantly increased pyridinoline levels. These stimulatory effects on LH2b mRNA levels and pyridinoline cross-linking of the collagen were also found for the cytokines IL-4, activin A, and TNF-a. The observed effects of these profibrotic cytokines are in perfect agreement with our previous studies in which we showed that increased LH2b mRNA levels in fibrotic cells are associated with elevated pyridinoline cross-linking in the deposited matrices [19, 25] and indicate that these processes play an important role in fibrosis.
Materials and methods

Cytokine stimulation experiments
Primary cultured human fibroblasts, obtained from the split skin of seven healthy individuals, were established by routine methods. Cells were grown in 10-cm 2 wells in Dulbecco's modified Eagle's medium (DMEM; BioWhittaker) supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 U/ml penicillin and 100 U/ml streptomycin at 37 8C in 5% CO 2 . Fibroblasts that reached subconfluence were used for stimulation experiments. Before stimulation, cells were washed in PBS and starved for 3 h in DMEM supplemented with 0.1% bovine serum albumin (BSA), 100 U/ml penicillin and 100 U/ml streptomycin. Dose-and time-dependent effects of TGFh1, -h2 or -h3 on mRNA expression levels were studied by culturing fibroblasts of one donor in the presence or absence of different concentrations of recombinant human TGF-h1, -h2 or -h3 (Sigma) for 24 h and by culturing cells of one donor in the presence or absence of 1 ng/ml TGF-h1, -h2 or -h3 for 6, 12, 24, 48 or 72 h. Furthermore, fibroblasts of seven donors were cultured in DMEM supplemented with 0.1% BSA, 100 U/ml penicillin and 100 U/ml streptomycin in the presence or absence of 1 ng/ml TGF-h1, -h2 or -h3 for 24 h. Fibroblasts of four donors were stimulated with or without 10 ng/ml human recombinant IL-4 (R&D Systems), 10 ng/ml human recombinant BMP-2 (Sigma), 5 ng/ml human recombinant activin A (Sigma), or 10 ng/ml human recombinant TNF-a (R&D Systems) in DMEM supplemented with 0.1% BSA, 100 U/ml penicillin and 100 U/ml streptomycin for 24 h. The above-mentioned cultures were used for total RNA isolation.
For extracellular matrix analysis, fibroblasts were cultured for 4 weeks in DMEM supplemented with 5% FCS, 100 U/ml penicillin, 100 U/ml streptomycin and 50 Ag/ml ascorbic acid in the presence or absence of 1 ng/ml TGF-h1, -h2 or -h3 (n=7) or in the presence or absence of 10 ng/ml IL-4, 10 ng/ml BMP-2, 5 ng/ml activin A, or 10 ng/ml TNF-a. Medium was replenished every 3 days. After 4 weeks of culture, the deposited matrix was washed in PBS; the cells present in the matrix were killed by two freeze-thaw cycles. Finally, the remaining matrix was incubated in PBS at 37 8C for another week. We have found that at 4 weeks the level of pyridinoline cross-link was 0.0229F0.0005 mol/mol collagen and this increased to 0.0333F0.0006 mol/mol collagen after the described incubation in PBS. In vitro maturation into tri-functional cross-links has been observed by others as well [45] . Thus, during the latter incubation the di-functional collagen crosslinks further mature into tri-functional pyridinoline crosslinks; consequently, the level of pyridinoline cross-links per collagen molecule reflects more closely the in vivo situation, because maturation of collagen cross-links is a time-dependent process which is facilitated in vivo by the long half-life of collagen.
Real-time PCR analysis
Total RNA was isolated from cytokine-stimulated fibroblast cultures using the RNeasy kit (Qiagen). Subsequently, the RNA was reverse transcribed into cDNA and subjected to real-time PCR amplification. Real-time PCR amplification of cDNA sequences was performed for LH1, LH2b, LH3, collagen type I a2 (COL1A2) and LOX. To standardize for differences in the total amount of cDNA a real-time PCR was performed of h-2-microglobulin (B2M), a constitutively expressed gene and which expression was not affected by the different stimulations. The expression of the target genes was calculated relatively to B2M expression. Each cDNA was amplified using specific primers and specific molecular beacons as described earlier [19] . Data were analyzed using sequence detector V1.7 software. LH2a expression was measured using a PCR amplifying both LH2a and LH2b [19] .
Cross-link analysis
Measurements were performed on the extracellular matrix obtained from long-term (4 weeks) fibroblast cultures. Hydroxyproline (Hyp) and Hyl levels were determined in acid hydrolysates of matrix samples after derivatization with 9-fluorenylmethyl chloroformate by reverse-phase high-performance liquid chromatography [46] . Hydroxylysylpyridinoline (HP) and lysylpyridinoline (LP) cross-links were measured in the same acid hydrolysates as described previously [47, 48] . Pyridinoline and Hyl levels were expressed as total amount of residues per collagen molecule, assuming 300 Hyp residues per triple helix.
Statistical analysis
Statistical analysis was performed using SPSS 11.0 software. Differences between stimulated and unstimulated cells were analyzed by one-way analysis of variance (ANOVA) followed by LSD or Scheffé post-hoc tests. A P value of V0.05 was considered to indicate statistically significant differences.
Results
TGF-b stimulation of skin fibroblasts
We have recently found that LH2b is increased in cells present in several fibrotic tissues [19, 25] . Since TGF-h is an important factor for the induction of fibrosis, we examined the effect of TGF-h stimulation on LH2b mRNA expression in skin fibroblasts. To explore the concentration-dependent effect of TGF-h, fibroblasts of one donor were stimulated for 24 h with different concentrations TGF-h1, -h2, or -h3, rising from 0.05 to 1 ng/ml. Analysis of LH2b mRNA expression demonstrated that TGF-h1 indeed increased LH2b mRNA expression and that the optimum concentration for TGF-h1-induced LH2b up-regulation is 1 ng/ml (Fig. 1A) . Similar LH2b expression patterns were found for TGF-h2 or -h3 stimulation (data not shown).
To examine the temporal TGF-h-induced mRNA expression patterns, fibroblasts of one donor were cultured for 6, 12, 24, 48 and 72 h in the presence or absence of 1 ng/ml TGF-h1, -h2, or -h3. Real-time PCR analysis revealed that LH2b mRNA expression did not show a significant increase until 24 h after TGF-h stimulation and expression was further increased after this time point, reaching high levels (fivefold induction) both at 48 and 72 h (Fig. 1C) . A significant increase in LH1 mRNA expression could only be detected at 72 h (Fig. 1B) . LH3 mRNA expression was not affected at all by TGF-h1 stimulation (Fig. 1D) . Induction of LOX and COL1A2 mRNA expression by TGF-h1 was much faster than LH1 and LH2b, since both genes were approximately 1.5-fold up-regulated directly after 6 h and did not further increase at later time-points ( Fig. 1E and F,  respectively) . Equal temporal expression patterns of the mentioned genes were found in fibroblasts after stimulation with TGF-h2 or -h3 (data not shown).
To exclude whether the induction of LH2b by TGF-h in skin fibroblasts is a donor-specific effect, fibroblasts of seven donors were cultured in the presence or absence of 1 ng/ml TGF-h1, -h2, or -h3 for 24 h. Real-time PCR analysis revealed highly increased LH2b mRNA expression in the fibroblasts of all donors stimulated with either TGF-h1, -h2 or -h3 (up to 3.5-fold compared to controls; Fig. 2A ). The stimulatory effect on LH2b mRNA expression was not significantly different between the three TGF-h isoforms. In previous experiments, we have found that LH2a is undetectable in normal skin fibroblast [19] . However, a PCR amplifying LH2a and LH2b revealed that the three TGF-h isoforms slightly induce LH2a expression, although the expression was still very low (data not shown). Analysis of LH1 mRNA expression ( Fig. 2A ) in fibroblasts stimulated with either TGF-h2 or -h3 showed only a 1.3-fold increase compared to controls; TGF-h1 stimulation did not result in a significant increase of LH1. Interestingly, in contrast to the donor of the previous experiment, increased LH3 mRNA expression after TGF-h stimulation was found in the other six donors (Fig. 2A) . LOX and COL1A2 mRNA expression was also slightly elevated in TGF-h-stimulated fibroblasts (up to 1.5-fold compared to controls; Fig. 2A) . No large differences in LH1, LH3, COL1A2 and LOX mRNA expression were found between the three TGF-h isoforms. When mRNA expression levels were calculated relative to COL1A2, only LH2b was more than twofold increased in fibroblasts stimulated with TGF-h (Fig. 2B) , whereas no significant increase was found in LH1, LH3 and LOX expression levels (Fig. 2B) .
To examine whether TGF-h stimulation also results in the induction of pyridinoline cross-links formation, the extracellular matrix deposited by fibroblasts stimulated with TGF-h1, -h2 or -h3 was analyzed. Indeed, an increase in pyridinoline cross-links levels was found in the collagen deposited by TGF-h stimulated cells (Fig. 3A) . The total amount of Hyl residues within the collagen triple helix was unaltered in the matrix deposited by TGF-h1, -h2, and -h3 stimulated cells as compared to unstimulated cells (Fig. 3B ).
IL-4, BMP-2, activin A, and TNF-a stimulation of skin fibroblasts
In order to examine whether other profibrotic cytokines are able to induce LH2b mRNA expression, fibroblasts were cultured in the presence of IL-4, BMP-2, activin A, or TNF-a for 24 h and compared to their unstimulated counterparts. Real-time PCR analysis revealed that all tested cytokines increased LH2b mRNA expression (Fig. 4A) . LH2b expression relative to COL1A2 expression showed a 2.5-fold increase for IL-4 and activin A, when compared to controls (Fig. 4B) . This increase was due to the changes in LH2b mRNA levels and not due to changes in COL1A2 expression, which was hardly altered (Fig. 4A) . TNF-a induced a fourfold increase in LH2b expression relative to COL1A2 (Fig. 4B) as a result of increased LH2b expression and decreased COL1A2 expression (Fig. 4A) . Fibroblasts stimulated with BMP-2 did not increase LH2b expression relative to COL1A2.
LH1 expression (Fig. 4A ) was only induced in activin A stimulated cells when compared to unstimulated cells. However, LH1 expression relative to COL1A2 was not changed, due to a slight increase in COL1A2 expression (Fig. 4B) . All tested cytokines did not affect LH3 expression (Fig. 4A ) nor LH3 expression relative to COL1A2 (Fig. 4B) . LOX expression and LOX expression relative to COL1A2 was only increased in fibroblasts stimulated with IL-4 ( Fig. 4A and B, respectively), whereas activin A and TNF-a did not show any effect. BMP-2 stimulated cells showed a twofold increase in LOX expression, however, LOX expression relative to COL1A2 was not significantly increased when compared to unstimulated cells ( Fig. 4A  and B, respectively) .
The effect of IL-4, BMP-2, activin A, and TNF-a on the pyridinoline cross-links levels in the deposited matrix is shown in Fig. 5A . All tested cytokines, with the exception of BMP-2, showed an increase in pyridinoline cross-link levels. Hyl levels within the collagen triple helix were unchanged in all stimulated cells when compared to unstimulated cells (Fig. 5B ).
Discussion
Fibrosis is characterized by the accumulation of collagen, containing highly increased pyridinoline cross-link levels [1] [2] [3] [4] [5] [6] . We have recently found that in several forms of fibrosis an increased LH2b mRNA expression level is associated with increased formation of pyridinoline crosslinks, which suggests that LH2b is responsible for the overhydroxylation of telopeptide lysine residues and the concomitant increase in pyridinoline cross-links in fibrotic lesions [19, 25] . The stimulatory effect of the profibrotic cytokines TGF-h1, -h2, and -h3 on LH2b gene expression, as shown in this study, underlines the significant role of LH2b up-regulation in fibrotic processes. In contrast to LH1 and LH3, LH2b mRNA expression is far more induced by TGF-h than the mRNA expression of COL1A2, thus changing the proportion between LH2b and COL1A2 expression. Analysis of the matrix deposited by fibroblasts stimulated with TGF-h clearly showed increased pyridinoline cross-linking, but no increase in overall hydroxylation of the lysine residues in the collagen molecule. This means that only the lysine residues within the telopeptides are overhydroxylated and not in the triple helical part. Since LH2b is the only lysyl hydroxylase which is induced to a greater extent than collagen expression by stimulation with TGF-h, it is plausible that telopeptide lysyl hydroxylases activity of LH2b is responsible for the increased formation of pyridinoline cross-links in the matrix deposited by TGF-h stimulated cells. This is further endorsed by the fact that the TGF-h isoforms did not induce the expression of LOX relative to COL1A2 expression. The increased formation of pyridinolines is therefore most likely not due to an increased aldehyde formation (a step necessary for crosslink formation and catalyzed by LOX).
Not only TGF-h isoforms, but also other profibrotic cytokines, including IL-4, activin A and TNF-a, appeared to be capable of inducing LH2b expression, whereas the expression of the lysyl hydroxylases LH1 and LH3 relative to COL1A2 was unaffected by these cytokines. As for TGF-h isoforms, above-mentioned cytokines also stimulated the formation of pyridinoline cross-links in the deposited matrix. An exception appeared to be BMP-2. This cytokine is clearly not involved in the regulation of LH2b and we can perfectly match that with our observation that the amount of pyridinoline cross-links in the matrix deposited by BMP-2-stimulated cells was not increased as well. Again the obtained results for the profibrotic cytokines activin A and TNF-a point out that it is very likely that LH2b is responsible for the overhydroxylation of the lysine residues in the telopeptides, leading to increased formation of pyridinoline cross-links. In the case of IL-4, the induced formation of pyridinoline cross-links might also be due to increased LOX expression or to a combination of induced LH2b and LOX expression. But clearly this was not the case for activin A and TNF-a, since no differences in LOX expression relative to COL1A2 were observed in stimulated cells.
TGF-h time curves of LH1, LH2b, LH3, COL1A2 and LOX mRNA expression revealed differences in the induction rate of the TGF-h induced mRNA expression: COL1A2 and LOX expression is up-regulated to the maximum already after 6 h, whereas LH2b and LH1 expression reaches high levels at 48 and 72 h, respectively. The slower induction rate of LH1 and LH2b suggests that the effect of TGF-h on LH1 and LH2b gene expression is probably not accomplished directly via the intracellular pathways downstream the TGF-h receptor. It is most likely a secondary effect. It could be that the increased gene expression of LH1 and LH2b is accomplished by profibrotic factors that are rapidly up-regulated by TGF-h, such as connective tissue growth factor [49] or endothelin-1 (ET-1) [50, 51] . Evidence for such involvement of ET-1 has been obtained by microarray analysis studies of lung fibroblasts, showing a 2.5-fold increase in LH2 expression within 4 h after ET-1 stimulation [52] .
Interestingly, two research groups showed that a hypoxic environment, which favors the formation of collagen deposits, induces increased LH2 expression levels [53, 54] . A hypoxic environment has a significant pathophysiological impact on pulmonary and cardiac fibrosis. Our findings together with the above-mentioned observations reveal that a broad range of profibrotic cytokines/conditions induces LH2b expression, highlighting that up-regulation of LH2b is an important general phenomenon in fibrotic processes. In addition, our study showed for the first time that in association with increased LH2b expression levels, profibrotic cytokines are capable to induce pyridinoline crosslink formation. These results provide strong evidence that LH2b is responsible for the overhydroxylation of telopeptide lysine and the concomitant pyridinoline formation in fibrotic lesions.
The occurrence of hydroxyallysine-derived cross-links (such as pyridinolines) in the matrix deposited in fibrotic lesions is an important criterion in assessing the irreversibility of fibrosis [4, 5, [55] [56] [57] . Specific inhibition of LH2b to decrease the formation of pyridinoline cross-links is expected to result in a more reversible deposition of collagen. Specific compounds inhibiting LH2b enzyme activity or compounds that reduce LH2b gene expression, such as antisense molecules [21] , hold promise for future therapies to prevent irreversible fibrosis. The differences in induction rate of the different extracellular matrix-related genes by TGF-h [this paper, 58], together with the fact that from the measured collagen-modifying enzymes TGF-h only induces the expression of LH2b relative to COL1A2, suggest that different intracellular pathways are involved in the TGF-h-induced gene regulation of LH1, LH2b, LH3, COL1A2 and LOX. Unraveling the processes involved in the up-regulation of LH2b mRNA expression may provide tools to find new targets enabling interference specifically with LH2b expression in order to attenuate fibrosis.
